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o ABSTRACT

In this new method (DFDL) of remote wind sensing, two optical

beams of unllike frequency are superimposed in the sensed volume.

L e

The velocity Information 1s obtalned from the difference In the
Doppler shifts of |ight scattered from the two beams by aerosols
moving with the zir. The DFOL signal spectrum and expressions

for slignal-~to-noise ratio are derived, Attractive characteristics
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of DFDL include resilience to optical imperfections of the turbu-

Sy

lent atmosphere and a potential for simultaneous measurement of

the three components of wind velocity.
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I. Introdugtion

Several techniques for laser remote sensing of wind velocity have been
experimentally demonstrated.!'~? Unlike in situ devices, remote wind sensors
avoid the necessity for providing an instrument-mounting platform that can reach
the sampled points, and they do not perturb the alr flow, Each laser technique
possessas (ts own set of attributes that determine i(ts usefulness for various
applications., For instance, the haterodyne (aser Doppler velocimeter,!s?
commonly using a CO, laser operating at 10.6 um, determines the component
of velocity parallel to the beam. The same component is found by the optical

Doppler radar,?

which uses a scanning Fabry-Perot interferometer. The dual-
beam Doppler anemometer® and time-of-f{ight taser anemometer® measure the
component of wind along a direction transverse to the probing beams and perform
best with lasers operating Iin the visible. These four techniques depend on

7 sense the

aerosols as tracer targets of air motion. Two other techniques®®
motion of spatial Inhomogeneities of the aerosol distribution in the atmo-
sphere as they are transported by the wind, The full Iist of important
characteristics for each technique, such as range capability and spatial
rgsolution, is too lengthy to glve here. Although the several technigues
possess some similarities, their performance capabilities, which determine
thelr utility in a particular application, are substantially different.
0ua|-freduency Ooppler-iidar (DFDL) is a new technique with a unique
set of attributes that could make it the preferred sensor in some applications,

In DFDL, two laser beams of unilike frequencies, v, and v,, where the

frequency difference

T s g e A



Is in the microwave reqion, are tranamitted to tho proded volume, Light
scattered to a photodetoector by aercsols moving with the ate s Dopplor-
shitted In frequency, Since the magnitude ot the treguency shitt Jopends
not only on the aerowal's velocity, but alse on hoth the freguency ot the
Incident radistion and the scattering angle, thore oxists a Jditterence,
Xy, btatween the Doppler shifts, aN‘ and AN:. Floctronic processing ot the
output ot the square-law photodetector vields the difterentlal Dopplor
shift, Xy, and hence a component of wind velacity in the proded volume.
The Jdirection of this measured component deponds on whethor 2 he twy Deams
are exactly superimposod and parallel (pure OFOLY or Intersect with woll
angular separation in the probded volume (vbeid OFDLY,  In thls roport,
we derive the DFOL signal and describe how to ontract the apprapriate
veloc ity component from the signal,  An experimental VDL syatem was con-
structod for the putpose ot verifving the OHDL principle and evaluyating
the practical potentlal of this methad tor remote wind senning usiayg
naturally extsting acrosels as tracers,  This device (o Mriotiy doscribes

aw e spccessful portormance roported.,

I1. Theory
AL Signal Qerivation ure MOLD

The signal tor the pure FOL case will be dorhves with roterence to
Fige 1o Twy optical boams of troguencies v, and Vi Mane ~olarised in
the same Jiroctionr, are uuporimposoed, with doth traveling tn the
s=direction o HHluminato a wwlome containing ale solecules and aorosets,

The amplitude ot the radiation teranmitiod o the Tth sarticle, ocated

-
at 8.0 van de enproessed as
:
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where the wave vectors kl and k: are paraliel., The arditrary phases ot doth

trequencies in £Q. () have teen tahen as zero, 3 simplitication which Jdoes
not alter the final resuits, The ampllitydes A‘ and Aa are normalized, so

that the irradiance is given by
N ED D, 0

where < >v Jenotes 8 time average over optical frequoncies but not cver

frequencies in the microwave reglon near a andg delcow, Defining
X=X -k, , TR

where X = a’c, and o is the speed of light, the irradliance at 3 particle is

-
a -

-
MU= 4 T e d, 0 e D costar = ReRY o)
. - .

The transmitted irradiance Is moduiated at freguency O decause the *wo deams
interfere temporally to form a pattern of sinuscidal fringes which travel at

the speed of light in the z-direction with an orientation normal to the
-
g-axis. The fringe spacing is \, = 2ok, and X can e consideres an ettectinve
wave vector for the traveling tringe pattern,
»

The molecules and aervscls scatter fight fram both teams o a point &,

[

on a3 distant Jetector aperture, Assuming a particle's argular scat?er oross

section, o, 7 .0 to be ecual for vpoang VY, and Jdetining

-- - -
L. * 8. X., v
1 \: H
-
the received radiation tield at 8, is
ALY
¥-lF,
Y 1
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where the summation is over all particles scattering energy to Rd' For non-

relatlvistic particle spoeeds, the wave vector of radliation scattered from

beam #| Is closely approximated by
>
k .= kL./L,, (8)
->
with a similar expression existing for kzi'

The output current, I, of the photodetector Is proportional to the

received Irradiance Integrated over the aperture area, Ad, namely

_ 2
I-DJJAd<E>V«i4d, (9)
where detector responsivity is assumed constant over the aperture. The
detector will respond to modulation of the received irradiance within the

Limits of its electronic bandwidth, Egquivalently, since a photodetector
is a square-law Jdevice and If the recelved optical radiation contains two
trequencies, a beat signal oscillating at the optical frequency difference

is present in the oufput. We have

> =< ¥ Bl
<= <_‘ZE,.J>\)
tJ
sis_’- n -> - - -> - -> ->
¢ *(R. -R,) + X .*L, -k .*I.
’&ZZZ_ZL p E‘ cos[k! &, R; L AlJ J]
T3 v
2 -> - -» -+ > -> e d
+ A “coslk (R, =R, + k_.*L.-k%k .°L.] (o
2 2 1 J 2t Tt 2J TS
- - > > - -> - -
+ 2 c - X *R. + K 8. ~ &k .oL. + & .2 .
.AIAZ»os[at K oR, + &, Ry = Ryptlp + R 0050
Defining the effective wave vector for the scattered fringes as
-»> -»> -+
K, =k . -k . an
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and separating the terms in the summaticon tor which ¢ = ¢ from the remainder,
2 2,. 2 H 2
- /L) +d
<k v ¥ Z (St / t )(41 2 )
t
2 2 -> - - -
+ [ (st. /i W A cosfat - KR, - .\'i-:.:.]
i
S-S; » -> - - -> - - -
+ —L (A “cos(k (R, - R,) + &k .oL. - &k .L.) ()
¥ Z .z ol [jx cos( 1 J 1f ¢ W Ay
L EER
- -> - - - - -
+ A4 coslA (R, = R.) ¢ k_ el -k ,2.]
2 2 . 2L T TN
> - - - > - > -
+ 24 A coslar = R CRL PN R, =R LI+ .-:.i] .
2 [ & LN 12 SRR

Let us first consider a single particle within the dJual-frequency beam

and later return ta the rmulti-particle case. For one particle traveling
- - -> -
with constant velocity V., so that 8 = F . + V'.r, £q. (12) reduces to

T 0:

a G.' - - - - - - -»>
<E.> = § =% E“ +d° 0+ ;41,1,:05[&: - (X = XV, « X o7, ¢ ¢ﬂ A

-
L - < H ‘e

*v,

- - -
where ¢. = (X - K;)'So, Is the rhase determinad by particle position at ¢ S

-

< . >
The OC terms Al‘ and A~2 contain no Doppler information., The dittereatial F

Ooppler shift is

X
-> - - ‘1
dw = (R = K008 = - 2K stac@ 2., G r
>
where & is the scattering angle and I'. (s the component of I darallel o the
v t

disector ¢of the tranamitted and scattered Jdirectlions, Fram 90 $rioge view=

point, the rate of arrival of the scattered fringes s altored v X Devacse

—ll 2D

the ortical path lenath changes according fo the particle's motion, tor

backscatier (8 = I80%), ', s the lonaitudinal velocity comavnent rarallel

.

te the Jdirection of beam procagationd,  Through the giffoerential Joppler




shift, &, DFOL allows a measure of VL' & depends on the optical frequency
difference, a, but [s independent of the laser optical frequency itself. The
time-dependent portion of the signal In Eq. (13) is mathematically the same
as |f microwave energy of frequency a were being transmitted and Doppler-
shifted to frequency a + Ax before reception., The procedures for DFDL signal
processing are, therefore, similar to ttose used in microwave Doppler radar,

The vo!ume probed by a DFDL is defined by the optical layout. The
trananitted beam, at most a few centimeters in diameter for adequate signal-
to-noise ratio (.NR), specifies the transverse extent of the volume. The
field of view of a bistatic receiver with optic axis intersecting the ftrans-
mitted beam determines the range R and the volume length AR, with R >> AR,
The scafttering angle 8 s within a few degrees of 180°, allowing the approxi-
mation 8 = [80° in Eq. (I14) with little error.

The Doppler spectrum Is broadened by the finite transit time of each
particle through the volume, Let us adapt Eq. (13) to the gecmetry of the
probed voiume to obtain the detector output spectrum for one particle.
Approximate 8 as 180° and take Li = R in the denominator with little error,
since R = Li >> AR, For a Gaussian profile of each baam, the amplitude of

beam #! Is given by

Al = (24“2/1ra2) expl-2(z + ¥*)/a%], as)

where the power in the beam is

P =4 ’ (16)

. -2 . . X
and g is the @ * radius. A similar expression holds for beam #2. If the
intersecting angle between the beam and receiver axis is onlv a few degrees,
M ™ a2, in whichcasethe transit time depends mainly on beam radius unless
-l

vV is nearly parailel to the beam., AX's effect on transit time will be dis-

regarded here, but can be included in a straightforward manner. The energv

A




spectrum, N%(w), for the Doppler signal portion of the detector current can
be found by calculating the time—dependent current and using Fourier analysis.
It has been demonsfrafed‘ that the phase factor ;i'ﬁd in Eq. (13) Is very
nearly constant over an aperture area Ad ot practical size. The time-varying

signal current, therefore, has ampl itude proportional to Ad. The spectrum Is’

2
4, Adz oi2 abiz W -a+ 2KVL)-‘
W.w)=—p>pPp S - - (a7
i T vz RS qayp? O gT| o 4V 7lal _' ’

where VT is the component of parricle velocity transverse to the beam, and bi
is the distance of closest approach to the beam axis. The detector's output
also includes a low-frequency pulse arising out of the Al2 and Azz terms of
Eq. (13), but this part of the spectrum Is neglected in Eq. (17) because it
contains no Doppler information.

For atmospheric measurements, there will be, at any instant, a large
number of scattering particles positioned throughout the probed volume.
From Eq. (12), it can be seern that three types of signals will be included
in the detector output. The terms of the first summation express the
average irradiance at the detector of the light scattered from both beams by
all the particles. These terms lead to OC output. The second summation is
the information-bearing Doppler signal of DFDL, which is, for each particle,
the beat frequency between the radiation scattered from the two beams. This
yields a time-varying detector current, Ié. The terms in the double summa-
tion with £ # J arise from the mixing of radiation scattered from separate
particies. This will be called the double~target signal, which produces a
current IDT‘ It can be shown9 that IDT possesses negligible spectral energy
within the final data-processing bandwidth, B, as a result of two factors.

The double-target signal is reduced by the incoherent nature of its detection,

e

o

e e e
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in a manner similar *o that which occurs In the crossed-beam laser Doppler
10,11

veloc imeter, Also of primary lmporTances Is the fact that the spectrum

of IbT has a width much greater than 8. The signal portion of the detector

current for the Gaussian beam is, therefore,

I.o=11,, (18)
1
I 2:. ( -> - -> &>
oi TR, O A (A, (t)coslat - KR, - K.-L.) dzdy , (9

d -

where Axi(t) and Azi(t) depend on particle position in the beam,
e B
If the particles are randomly positioned, the phases K'Ri + K;-Li are
also random, and the contributions of the particles to Is then add in random-

walk fashion. Thus,

2 _ 2
IS-Z.I. , (20)
1

and the expected value W{w) of the energy spectrum of Is is the sum of the
spectra of the individual particles, or

W) = [ W) . 20
i

This mean-square behavior has been es1’al:»lished!1 for the corresponding
case of dual-beam anemometry, The expected value of the power spectrum Plw)
of Is is obtained by determining the rate of arrival of particies at the

probed volume and integrating over the distribution dnto)/do of scatter

cross sections:

R+AR o )
Plw) = J dzJ dbj doV.Wiw,5,Vb) “f‘l‘-ég-l (22)
R -

< 0

e — i it o o Yilia. Dl
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1

. L
For the Gaussian beam profile:

2, AR | W -+ 247,
Pw) = —»"P P ng —— expl- o (23)
/ro vz g avp P 4Vp?/a? _I
The factor na” is defined by
-] -]
n02=J ozé%gﬂdo=j cz(p)é%%p—)-dp, (24)
3 °

where dn{p)/dp is the particle size distribution over radius p, and n Is the

number density. The total signal power, Ps' is

2
PP A —
2 d 2 2
p_=2r LI —E} Ta AR no . (25)
8 (ma®) [;2 “

—

In the atmosphere, aerosols dominate the factor noz, and the molecular

contribution is negligible. For example, at optical wavelength A = 514.5 nm,

) - -
we have n_ g ° = 1.3xI0 3% cm for a molecular density of n. = 2.6x10'? cm™?
and molecular backscatter cross section of ¢ = 7x107%% cm?. For even a
sparse distribution (n = 107 cm™?) of smali aeroscls of radius 0.1 um with

9, = 7x10712cm?, the much larger value n, ca2= 5x107%%cm results. DFDL is
unable to measure the distribution of molecutar velocities and cannot succeed

as a remote temperature sensor,

B. Signal~to-Noise Ratios

The wind component VL must be acquired from the Doppler spectrum in the
presence of noise originating during the photo-detection process., Of the
principal noise sources for a photoemissive detector such as a PMT, the most

significant for OFDL is shot noise from the scattered laser radiation and

background (ight, 1In comparison, shot noise from dark current is negiigible,

SRR || L e et sl 4T

n o ———
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anmd thermal nvliae van be rendered insjgnificant Iy Judicicus cholce of ™
galin,  Shot nolse power Tn tandwidth B s

Po = S 400 e
R L ALPEREES S ‘
where o 1 electronic chatge, ¢ s M1 current caln, amd T; and 1, are the
[8
averayge vutput curtents resuylting from scattered laser radlation and tack-
aroumd Tight, respect ively,
For the oprtical geometry avsed to derfve Fued, 1t Te stralghtforward to
ainw that
.43.
T . L - - e
.8'7*\1“0}?\5‘3 AN e, TN
where w0 = G, fe the \wilumetr e angular-scatter cross sect jon Jdefined
1}
™ ™~
- I Tag v Y | Tor y 0 Y
My - \l“'ii\\ ey - \‘\“\ 11—~11\-L~ \i;‘ . (;‘S\
an ay
] )
which vaually facludes significant cantributions fiom vt sofevuales and
aervania, The detector responaivity is
AT ) W A o
where 1 te quantum efficiency, and v e the shoton eaet o,
When shot pofse {rom seatiered laser radiativn i< the domipant novfce
surve, the TN = " 0¥, is
[l l\'
. R
n ?‘}\ \ .47- K
Y - € . 1 ; \\\
ol am me  —— ——y - \
e WE T OT, ma RTow ot '
s
Whet the Bac kgt Fe of un i s adiamee § ol =Tt gt e Y, owe have
T, - AL e\ . VY
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1t T > 7;, SNR becomes

?

n PppP, 4 2 "o
SNR, = ——— wa® AR . (32)
' AvB (nat) §é LR AN

The functlional dependence of Pa on varlous parameters appearing iIn
Eq. (25) and In these SNR expressions was verif|ed experlmenfally.’ The
prototype DFDL described below was operated In a wind tunnel with flow
seeded by a sparse mist of water droplets generated artificiallv. For
each test, all experimental parameters were held constant except the

variable under examination, The prediciad behavior of Pa with chanqes

in recelver collection solld angle Ad/R‘, beam area 4, = e, and
scattering volume length MR was conflirmed, The Jependence ot Fs on

changes in laser power PL’ where PL = &P, = &P, alsc agreed with tq. (%),

C. Extraction of Velocity information

Plw) for the narrow Gaussian beam profile has a Gaussian shape with
mean fregquency a - 2KVL and {/e half-width Ivf/a. In practice, thisx
hal f-width can, at times, be comparable to, or e, n exceed, M. In wuch
a case, VL is obtainable from the power-weighted mean Doppler frequency @,

according to

v, = /2K (%)

w = ImP(w + a)d7/JP(m + o \dw . L 34)

- 12
Several data-processing techniques for estimating w have been Jdevised,

Since the Dorpler slunal ts generated by a random process, the Doppler
spectrum undergoes random fluctuations atvut Puwd,  donsequent iy, the mean
Doppler ftreguency, 5, s a random variable with «tatistical perturivtions

about Its expected value, The shot-noise spectrum s alse random and

e A e
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contributes to the fluctuations [n & aven when the average aclae level (=
known,  Since the DFDL Noppler signal s mathematically [ike that of the
scattering of microwaves of freguency & from the particlies, the ML

statistics are the <ame as tor Doppler radar returns from randomly posl-

tioned hydrometeors, A Jdetalled considerat ion*s'? o1 the <tatictical
varfations In @ shows that they figure prominent iy in |imiting the

accuracy to which V. can te determined,

L

D. Hvbrid DFOL

A hvbrid DFDL is created 1f the {wy franamitted heams are oot exactin
- -
super Imposed but intersectwith &, and ¥, =eparated in divection v a =mall

angle., The descriptor "hvbrid" t= applied tecaurme this contiguration
combines features of DFDL with the dual-team (or croesed-beam) Doppler

»
anemomet e,
- >
In Fig., 2, the wave vectors k‘ and & of tw tranemitted teams Wb

lie in the & - 3 plane at equal angles &' fram the a-anis, Soatlered

-
radiation is detected at R, a large Jistance awav (N, ™~ N Y, The radlia-
e ' H

tion incident on a particle iIs

= - .4\\"\‘$(\“f' - X

. sHLY A cosie,? - (e ) VI
tne ] 7 7

The beams interfere spatially, as well as temporalliy, o form (ripges which

travel at gspeed ¢ in the a-direction, but which are ot-lented al an obtiguee

angle,
- > > > > »

Aczuming, as before, {hat F{ =R eV, DL N - N ang that pactiode

» h
[ v d (%] 4

speeds are nonrelativietic, the seattered tadiation at X, frem vee carticle

» » LY
. - ) B . . I \
Foo= 8070094 cogfvn o« R = L el -
d ¢ ‘ 3 1 1 | \ e
» » >
. v - . . . ‘
s .4’\\‘<, \‘2-J AT P \:7.‘°|€..‘ - »}”‘ 1} e




15

where °|£ and ¢a£ are phases determined by particle position at ¢ = Q.

As discussed earller, the spectrum ot the {nformat ion-bearing portion of
the signal for multiple particles at random positions is the sum of the
spectra of the Indlvidual particles. The double-target signal also exists
but again is negligible. The signal from cne particle Is therefore suffi-
clent to describe the behavior of a hybrid DFOL. For cne particle, the

detector current is

rd ,o.
d 1 2 2
r =
g YA
21’Ad0s > > > > -
- (A - - N KoL )e ¢ -3 33
*‘_ZTT_.A A coslat (xl kz Kli + 21) Lz I, + ®3,] (37)

The differential Doppler shift da, involving the dot product of T, with the

wave vectors [s

> -
A = (a/eIWe(l/L) - [(vl + vz)/CJ sln(&/f)ﬁx - (/) Cos(¢/2)Va , (i)
where the i subscripts have been dropped and Kr(Va) is the r-component

-»>
(a-component) of V., Taking ¢ << n/2 and Vi v, = AN

) or the Doppler shift s

M = -Z(vo/C) sln(¢/2)Vx - 2a/e) sin@ W ()

o

-
where Vb s the velocity component along the bisector of [ and the negative

z-axls,
Two 1imiting cases are Iimmediately identifiable. 1f & - O but a # O, we

have the pure OFDL arrangement

M = = 2(a/¢) Sir\(t‘;’:“"‘ . W)

DFOL

The dual-beam anemcmeter (DBA) occurs in the opposite caze when & # O and

a = 0, giving

g
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AaDBA = -2(v°/c) sin(¢/2)Kr . (41)

The detector beat frequency for hybrid DFDL can be expressed as

m==o.<l-Aa.m_.DL'PAa.DBq , (42)

in which both SnepL and Oyga 2re significant.

For the case of backscatter, the hybrid DFDL has differential frequency

shift
- -
ba = KoV, (43)
- ~ ~
K, = -(2/c)[v°sin(¢/2)£ + ak] . (44)

-
The component of velocity measured lies In the x-2 plane, parallel to Kh.

The angle B of this component from the z-axis Is, from Eq. (44),

B = tan™ [v sin(®/2)/a] . (45)

The Doppler frequency sensitivity is gliven by

ta = @/e)v, sin®@/2) + v, = Ky (46)

hh’

where Vh Is the component of ; parallel to ;h' The hybrid DFDL can measure
an arbitrary component of velcsity selected by the choice of optical fre-
quencles v, and v, and the Intersection angle ¢,

Usually in dual-beam anemometers, the beams are spatlally distinct at
the transmitter and converge to a common volume. This may not be true for the
hybrid DFDL, whose intersection angle might be less than a laser beam's diver-
gence angle. For instance, if xo = 514,5 nm, a/2m = 109 s-l, and B8 = 45°, the
required value of ¢ from Eq. (45) Is only B.AKIO-6 rad,

SNR expressions for hybrid OFDL are similar to those for pure DFDL. The

effect of partialiy overlapping beams in the probed volume is accounted for

- -
through the amplitude factors A1(R) and Az(R)' In the vicinity of the

P e AR et G s @
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intersection of the beam axes, the hybrid SNR is the same as for pure DFDL

with proper allowance in bandwidth B for the increased Doppler sensitivity,

I1I. Prototype DFDL

A DFDL system was assembled to experimentally evaluate this technigue
ot wind sensing. It Is capable of real-time measurement and recording of

wind and can operate In pure or hybrid DFOL modes. In accordance with the

research nature of this study, the range capability of the protetype is
modest, but It can be markedly increased within the limits of existing

technology.

A brief description of the system, shown schematically in Fig, 3, is

presented here, with a comprehensive treatmeni available elsewhere.® The Spectra

ST

Physics Model 166-03 argon laser operates at tregquency Ve (A= 5145 nm),
with a cavity Jdumper , Madel 365 Acousto-Optic Output Coupler, producing the
exiting beam. This coupler acts as a modulator, creating two overlapping
beams of respective trequencles voE vt a’s and v,V s o/l The desired
pure or hvbrid OFOL configuration is selected by adiustment ot the acouste-
optic madulator's position within the laser cavityv, The RF oscillator gen-
erates the system reference frequency, which ts amplitied to drive the modu=-
lator. The transmitiing optics consist of an appropriate beam expander and
steoring mirrors, Light scattered and Doppler-shifted bv aerosols moving
with the alr (s collected by a telescope and passed through a 30 ; passbhand
interference ftilter for reduction of hackground 1ight, The high-speed PMT,
which must be capable ot electronic response at the modulation fregquency a,
was manufactured by Varfan LSE and Is gpecified to have a O = 3 db bdandwidth

]
of acpronimately 00 to 10 Hz, The cutput of the PMT s ceparated feom the

high=trequenvy <tgnal and menitored, The high-frequency portion proceeds to

the microwave Donpler reveiver, which performs siagnal amplification and
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hetercdvne mining with an ottset local osclllator of trequence a + &, This
troQuency s developed tram the output trecuencies of the RF osciltiator and
an auydiv=trequency osciliator, for VL = 0, the Doppler spectrum is thus
displaced trom Jd = O to Ax = &, which removes the Jirectivnal ambiguity In
the velocity measurement, A real-time spectrum anahyrer, Princeton applied
Research Model 4910, digitizes the signal and computes the fouriaer amplitude
spectrum, A FOFLIVON minicomputer computes 1, and other intormation ot
Interest from the spectrum, stores this Jdata on tliopm Jisk, ang Jdisplavs

it on the computer console,

The optlical *requency ditterence Is Q. Jn = Q70 Mh:z, which gives a
trequenay sensitivity tor a pure DFDL operating in backscatter of da v =
.47 H tor V. = 1 msTl, The mean Doppler frequency is obtsined with the
tast Yourier transtorm technigue with noise suppression (FFY NSV 1Y Since

the shot-noise level can vary in time, the average noise level tor each

velowity sample s Jetermined over a freQuendy danyg soparated trom the
Aopeler spectrum. This value s then subtracted trom the combined spectrum

Of Doppler signal plus shot ncise, to remove *he biaving eftects of the

FATER P - T e

Merage noike tenvel, Poom the resulting Joppler spectrum, and with proper

altiowance tor the ottset T, the mean Joppler trogquenay is catculated

acaaeding te ta, WY Y or Th are tound using Ya. A oo deY, as the

Case "\ le,

The praototyvpe OFDL can atlse be ocerated as a pulsed stsfem when the caviiy
dumper (foe., Madulatory s Jdriven by oa pulwed amplitiet, The recelver can te
range gated, which (tor coanial tranamiftor and receiver crtics) deflines the
range Xoand proted volume fength AN, W comer fiag to o such a puilsed sastem,

the SNR can de improved when shot acise trom background Hight is substantial,

O Sondition that the average transmit’ed laser power is raintained.
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In order to accomplish this with the present equipment, a high pulse rate
(2 | MHz) |s necessary, The low-pass filter characteristics of the Doppler

recelver transform the signal from a pulsed to a continuous form, and no

other changes in the data~-processing procedures are needed.

The prototype DFDL was operated CW In a laboratory setting, using
targets undergoing controlled motion, These experlmenfsf together with
the wind measurements reported here, have verifled the differential

Doppler shift, which Is the fundamental principle of DFDL,

IV. Wind Measurements

A component of wind veloclty was successfully measured with the OFOL
in various contigurations: pure and hybrid, pulsed and CW. The DFDL
equipment (see Fig. 3) was located in a penthouse atop the five-story
Physics-Atmospheric Sciences Building on the University of Arizona campus.
The dual-frequency beam from the laser was expanded and collimated to an
e % diameter of approximately 2.5 cm and then projected fhrough an open
window. For the measurements described in detail here, the beam was
horizontal at a height of 4.3 m above the main roof. The range R = 20m
and length AR = 2.2 m of the probed volume were defined by the intersection
of the beam with the field of view of the Newtonian receiving telescope,
which has a 41 -cm diameter primary., Since the tops of the surrounding
buitldings and trees were at the same general level as the probed volume,
the air flow was usually quite turbulent, A propellor anemometer, Weather-

Measure Model Wi738, was positioned with the hub about 20 cm from the center

of the probed volume. |t was aligned to measure the same component of wind
for which the lidar was set. For example, for alignment angle § = O, the
westerly component parallel to the beam was obtained. A wall (not shown)

at a distance of 41 m acted as a beam stop. A light trap, consisting ot a
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box with a black interior with an open side facing the telescope, was mounted
on the wal| to encompass the receiver's field of view. The trap was required
to prevent background 1ight from the sunlit wall from saturating the PMT,
which had considerably higher gain than anticipated whan purchased. The

trap also diminished the shot nolse caused by background light. In order to
further reduce this shot nolse, the laser output was pulsed and the Doppler
receiver range gated, Since the pulsé length was 15 ns and the receiver

gate time was 30 — 40 ns, the probed volume was still defined mainly by the
Intersection of the beam with the field of view. Pulse repetition rates wers
typically 3.5 MHz, which gave a receiver duty factor of roughiy 17%,

Figure 5 shows the time serlies ot wind velocity from the lidar and
anemometer plotted side by side for an example Jdata run. The similar
response of the two methods to velocity fluctuations Is apparent. The
anemometer's trace is smoother than the |lidar's because the statistical
nature of the Doppler and shot-nolse spectra Inject random fluctuations
into the Doppler velocity. The experimental particulars for this data run
and three others are given in Table I. Wind measurements at several vaiues
of the alignment angle B (= 0° for pure DFDL, # 0° for hybrid) were made.
Average transmitted laser power was I/3 W. The sampling rate was slightly
siower than I/T, where T is the signal-averaging time for sach velocity
sample,

Table ] also shows, for each of thesa data runs, the indlividual and
comparative statistics of the anemcmetsr velocity ¥

4
veloclty VD. The agreement between the two methods is satisfactory,

and the Doppler

aithough Jifferences do exist, A small bdias is rovealed bv Vn/
A linear regression slope of less than unity, combined with the intercert

displaced slightly toward f;, also points out the blas. The rms difterence
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Table I. Summary of Selected Wind Data Runs

Date March 7 March |9 April 4 April 4
Starting time 1713 1402 1407 1901

Equipment Parameters

Al ignment angle 8 63° -45° 0° 83°
Laser average power (W) .36 .36 .3 .36
Sample averaging time T (s) 2.0 1.0 1.5 1.0
Length of data run (min) 30 27 10 24

Wind Statistics

Average anemometer velocity ?;'(ms") 4,28 -2,23 1.28 2.14
Average Doppler velocity 7;'(ms") 4,09 -2.07 .12 2.10
Standard deviation of V, (ms™') 1.80 1.26 I.04 .17
Standard deviation of V) (ms™1) 1.85 .21 1.08 1.03
vV .96 .93 .88 .98
[TV;':'VZTTJ* .79 61 .58 46

Linear Regression Analysis (V4™%,V,=y)

Slope .937+.016 .855+,012 .897+,028 8122010
y~-intercept (ms™}) .08+,08 -.162.03 -.02+.03 362,03
{ Correlation coefficient .9l .89 .86 .92

. Signal-to-Noise Ratio Statistics

Bandwidth B (Hz2)
Average SNR
Standard deviation of SNR

Aerosol Optical Properties

Aerosol backscatter cross section
B (x 10°% m=! sp=1)

oa!/qa (x 10712 m? or71)

K
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petween VD and Vh rasults from a combination of biased and unblased discrep-
ancies, The dlsagreement s caused by imparfections In both methods. Based
on manufacturer's data, the anemometer is calibrated for axlal flow at
2.2 ms~'. For somewhat slower axlal flow, it indicates an oxcessive value
for V, (17% too high at .45 ms™'), while the threshold speed Is 0.5 ms .
For wind at large yaw angles, the response dogs not exactly follow the
cosine of the yaw angle, and VA tends toward values which are too small,
In the case of high wind speeds, the DFDL measurement Is blased toward small
values because the tall of the Doppler spectrum falls outside the final
data-processing bandwidth. Reflnements in the data processing can be
expected to diminish this particular source of error. The observed bias
between VD and VA Is compatible with the features of the individua! Instru-
ments, The major portion of the rms difference is caused by the random
variations introduced into VD by the statistical nature of the Doppler and
shot-noise spectra. Because of these random variations in VD' we would
expect its standard deviation to exceed that of VA’ but the data show other-
wise. A reasonable explanation is that, as mentioned, tho DFDL data
processing diminished VD for high wind speeds, which would also decrease
VD's standard deviation. Other sources of error of less importance were
also present. They Include the inaccuracy in setting the DFDL to measure
the desired component of velocity at angle B, the lag time In the propellor
anemometer, and the physical separation of the anemometer from the DFDL-
probed volume.

The values Of SNR were rather small, They could have been increased
by na~rowing the probing beam, but accuracy in ?D would have improved bv

less than 30%? because the Doppler spectrum would have been correspondingly

broadened,

I T R et adin

[
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The aerosol volumetric backscatter cross section qa and the aerosol
optical characteristic ;;E>;;; which is important to DFDL SNR, were
measured with the |idar, q; is the average aerosol backscatter cross
section, and ;;? Is the mean square average. Ba for A = 514.,5 nm was
determined by measuring the total atmospheric backscatter cross section
before or after a wind-data run and subtracting the molecular contribution
Bm = I.GXIO-S m ' sr ! calculated for the ambient air pressure and ftempera-
ture. The low Ba values imply very clean air, a fact corroborated by a
visual! range exceeding 50 miles, The factor ;;E};;-was obtained by solving
the SNR expression In Eq. (30) for it and calculating its value from the
experimentally determined SNR, known equipment parameters, and data on the
energy received from molecular scatter, aerosol scatter, and background
light, The details are too extensive to give here but can be found else-
where.9 Aeroso!l size distributions were also measured with a Climet OpTicaI'
particle counter. This collection’ of data on the aerosols acting as tracer
targets is valuable in predicting the performance of DFOL under different
aerosol conditions.

Although not described in detail here, wind measurements were also
accompl ished In the bistatic optical arrangement shown in Fig. 3 with the
transmitter and receiver operated CW, Successful operation was also
achieved in a fully pulsed configuration, in which the transmitting and

receiving optics were coaxial, and the probed volume at R = 20 m and

AR = 4.2 m was defined by pulsing the laser and range-gating the receiver.

V. Projected Capabilities
An estimate of the range capability of an upgraded system can be made,
based on the performance of the prototype DFDL (20 m range) and the scaling

factors in SNR. Since P, and P, are both proportional to laser power ?L'




Eq. (30) shows SNR « PL' Boosting the transmitted laser power from 1/3 to
10 W would Increase the range capability for the same SNR by a factor of 5.5.
Substantial Improvements in the PMT's high-frequency response and quantum
efficiency are also within the realm of existing fechnoiogyla and could
extend range capability by almost a factor of 2, Range and/or accuracy
could also be increased if the sample-averaging time were lengthened or a
larger telescope used, Enhancement of OFDL performance can also be
achieved with a higher modulation frequency a. By scaling the beam radius
inversaly with a, and the bandwidth B proportional to a, the range capa-
bility scales as va for constant SNR. Better accuracy is an additional
benefit, for the fractional error in VD due to statistical fluctuations in
The spectrum scales under these conditions as I//E,9

Adequate reduction of shot noise from the background |ight is a critical
factor for daytime operation. A narrowband interference filter in the
receiving optics is essential, but iT'may not bring the transmitted !ight
level so low as to make the SNR limited by scattered laser radiation. The
best solution might be a pulsed DFDL with small receiver duty factor, in
which the light scattered from the high-power pulse would dominate the
background !ight while the receiver is gated open. The pulse-repetition
frequency must satisfy the Nyquist frequency criterion for the baseband
data-processing bandwidth B,

Although the FFT/NS technique was ideal for data processing during this
experimental study, it may not be the optimum method for an operational
wind-sensing system, Burst-signal processing is superior to continuous
processing in the dual-beam anemometer' and would probably be likewise
advantageous in DFDL, Pulse-pair processing is also superior to FFT/NS

in some respects, especially for low SNR.12
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An [mportant asset® of DFOL is its resilience to the effects of degrada-
tion of laser beam coherence caused by atmospheric scintiliations. Since,
at least for the pure DFOL, the two transmitted beams are superimposed and
ara of nearly ldentical frequency, Intomogenelties in the atmosphere's index
of refraction perturb the beams In nearly ldentical manner, and the ampli-
fudes as well as the phases of the two beams remaln highly correla‘red.“'”
The traveling fringe pattern of the DFDL beam thus remains well-defined,
although substantial intensity variations across the beam can develop. The
velocity Information In the mean Doppler frequency remains fully available,
although the shape of the Doppler spectrum, which depends mainly on the beam
profile and the transverse speed of the tracer particle, is modified. In
conjunction with this topic, it should be noted that, after the dual-
frequency beam Is formed, diffraction-l imited optics are unnecessary,
although they are desirable In the trananitter to maintain a smooth beam
proflle.

The novel abil ity of the hybrid DFDL to measure the velocity component
parallel to a selectable skew direction Is perhaps the most intriguing
feature of this instrument, In principle, the hybrid DFDL concept could be
incorporated into a device to measure three-dimensional velocity within a
common probed volume from a single traramitter-receiver site. Multiple
hybrid OFOL beams of different fringe orientations could be simultaneously
trananitted with polarization, wavelength, or other technique to discriminate
among the beams., It may also be possible to combine the DFDL concept with
the time-of-flight laser anemometer., Two beams trangmitted side by side would
yleld at low frequency the time of flight of the dust particles, which is a
measure of transverse wind velocity. |f the beams were both modulated as in

pure DFOL, the differentlal Doppler spectrum carrying the information for the
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longitudinal component of velocity would be simultaneousiy avallable near
the modulation frequency a. Of course, the shape of the Doppler spectrum

would be a function of the bifurcated beam profile,

VI, Summary
This research has demonstrated that a component of wind speed can be
remotely measured with the DFDL technique using naturally existing aerosols

as tracers of air motion., !f the probing beams of different frequency are

coaxially allgned (pure DFDL), the veloclty component parallel to the beams

Is measured when the detector is positlioned to receive backscattered radia-

tion. |If the beams intersect at a very small angle (K IO-s rad in the
prototpye instrument), this hybrid mode of DFDL determines & component
in a skew direction, which is a function of the optical frequencies and

the intersection angle. The velocity information is available from the

mean frequency of the differential Doppler spectrum. The prototype DFDL
performed satisfactorily in laboratory tests and in actuval wind measure-

ments. In harmony with [ts experimental nature, the prototype's capability

(20 m range with a typical sampling rate of 0.7 Hz) was modest but can be
improved more than an order of magnitude within the |imits of existing
technology. Expressions for SNR and auxiliary data on the optical charac-
teristics of the aerosols allow extrapolation of the performance of an
upgraded instrument.

OFDL possesses several advantageous features. |t measures a different
component of velocity than the dual-beam Doppler anemomefer“ or time-of-
flight laser anemomefer,s which also operate best at visible wavelengths.
The three-dimensional wind could, in principie, be measured with a multi-
plexed hybrid DFDL, or with DFDL in combination with the time-of-flight

anemometer, The DFDL shouid be capable of functioning through an atmosphere

-
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rendered optically imperfect by turbulence-generated density inhomogeneities.
Since the raw signal from the photodetector is simiiar to that of microwave
Doppler radar, the data-processing procedures for estimating the Doppler
velocity can utilize the optimal analysis methods which have been developed
for radar, ' The sense of direction of the wind Is made unambiguous in DFDL
in a straightforward manner, by offsetting the reference frequency in the
receiver electronics.,

An optimum DFDL system would utilize a laser emitting high average
power in the visible, in order tfo maximize SNR. The modulation frequency,
t.e., the difference in the optical frequencies of +he probing beams, would
preferably be as high as can be produced and detected. For reduction of
shot noise due to daytime background |ight, a pulsed DFDL system with a

smal! receiver duty factor plus an interference filter would be ideal,
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Figure Legends

Figure |
Figure 2
Figure 3

Figure 4

Figure 5

Geometry for derivation of pure DFDL signal,

Geometry for derlivation of hybrid DFDL signal.

Equipment schematic of DFOL prototype.

Optical layout for wind measurements with the probed volume
defined by the intersection of the beam and receiver fleld

of view,

Velocity data commencing at 1713 on March 7, The upper trace
gives the veloclity from the |{dar, while the lower one is
from the propellor anemometer, The arrows indicate the

appropriate velocity scales, which are displaced 5 ms-l.
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Fig. 1 Geometry for derivation of pure
DFDL signal. !
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(Pulse ) High-Speed
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RF
Oscillator a+da
485 MHz2
l Doppler
a/2 Receiver
l da+l
FFT
Spectrum
Note: Analyzer
Vi=Va = QO
5 4
Minicomputer
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Fig. 3 Equipment schematic of I¥DL
prototype.

yi
(V|+A\)l & Vva+Av,
\

i auxiliary data)




HOIA GV YL dA Dol
Pu® Weaq aq3 Jo wuT3dssIauy Iy
£q pau1 g3p swmyoa paqosd sy gy

83U3Wa.Msesw purm 1oy Jnofur TeI13do # 314

J3)3Wowauy

g Jojjadoyyg
lm\/ //J\V\\

-z

A

sse]

3doasapa|
ueiiojmaN

MOPUIM 3SNOYJUI4 m

// duisnoy

1Nd




o e T e R RN, oL i 1 A Iy Nari b et e e oo s L e s e

e ot s e o B 3 B Bl o SbmbihY o R S I mp S < o b -
p)
Nwm o.m m.N 92 124 e O>N m_ o.u
0 4
. | — W)
12-
y \<.<)
g | 1°
27
2 81
ol a4 —
= -
3 19 W
m Zi+ -]
™  C
< 01 o
m ©
m .-N.— “
o <
= (S3ILNNIW) FMIL o
o 4
— 9] 1A 21 0t 8 9 14 Z 0 -
= Z-1 —+ + - + + + + . m
]
30 %
B p 2- m
P p ©
& 9 z
8 4
o1 9
FA P o
01
E1L1 6L-Y¥YH-LO A

. 9w G pIderdsip aJe

qotym ‘saTuoe F315012a 2397 2d01dd9

M3 INWIPUT IAOIXS ] °IHI}IWOWIUY

I0TT2d0oad aq1 WOXJ S§7 IVO JISMOY

v 943 ITIYmM ‘sepiT 2 woay £3150T7A

73 82A79 20wxq J3ddn g L QOIW
.%o EUT 9 Fuiou-ewod Mvp A31207°A 6 ‘B4




35

LIST OF MANUSCRIPTS SUBMITTED OR PUBLISHED UNDER ARO SPONSORSHIP

"Wind Speed Measurement with a Dual-Frequency Doppler Lidar"

presented at Dynamic Flow Conference, Baltimore, September
18-21, 1978.

"The Dual-Frequency Doppler Lidar Technique for Wind Measurement"
presented at Ninth International Laser Radar Conference on Laser
Atmospheric Studies, July 2-5, 1979, Munich, Germany.

"Dual Frequency Doppler-Lidar Method of Wind Measurement"”
submitted to Applied Optics.

SCIENTIFIC PERSONNEL SUPPORTED BY THIS PROJECT AND DEGREES
AWARDED

Richard M. Schotland, Principal Investigator
Wynn L. Eberhard, Graduate Associate in Research
Ph.D. degree awarded to Wynn L. Eberhard October 1979.

Dissertation Title: "Design and Performance of an Experimental

Dual-Frequency Doppler Lidar for Remote Measurement of Wind
Velocity".

i S PRI, . W

A 2 P N

R e e

2 T IS D 0 rdon < oA R

-+ T

gy e Ty TRy

§
{




